The pyruvate dehydrogenase complex (PDC) is a key control point of energy metabolism and is subject to regulation by multiple mechanisms, including posttranslational phosphorylation by pyruvate dehydrogenase kinase (PDK). Pharmacological modulation of PDC activity could provide a new treatment for diabetic cardiomyopathy, as dysregulated substrate selection is concomitant with decreased heart function. Dichloroacetate (DCA), a classic PDK inhibitor, has been used to treat diabetic cardiomyopathy, but the lack of specificity and side effects of DCA indicate a more specific inhibitor of PDK is needed. This study was designed to determine the effects of a novel and highly selective PDK inhibitor, 2((2,4-dihydroxyphenyl)sulfonyl) isoindoline-4,6-diol (designated PS10), on pyruvate oxidation in diet-induced obese (DIO) mouse hearts compared with DCA-treated hearts. Four groups of mice were studied: lean control, DIO, DIO ؉ DCA, and DIO ؉ PS10. Both DCA and PS10 improved glucose tolerance in the intact animal. Pyruvate metabolism was studied in perfused hearts supplied with physiological mixtures of long chain fatty acids, lactate, and pyruvate. Analysis was performed using conventional 1 H and 13 C isotopomer methods in combination with hyperpolarized [1-13 C]pyruvate in the same hearts. PS10 and DCA both stimulated flux through PDC as measured by the appearance of hyperpolarized [
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Type 2 diabetes (T2D)
5 is a growing public health issue in many countries (1) . It is generally accepted that carbohydrate oxidation is inhibited in the insulin-resistant heart, and is concomitant with the development of outright diabetic cardiomyopathy (2) . The pyruvate dehydrogenase complex (PDC) connects glycolysis to the tricarboxylic acid (TCA) cycle for the production of NADH and FADH 2 , and subsequent oxidative phosphorylation, and plays a pivotal role in modulating substrate selection for the production of acetyl-CoA. Increased fatty acid availability and oxidation associated with T2D suppresses the activity of the PDC (2) . The accumulation of "lipotoxic" metabolites may also lead to insulin resistance and cardiomyocyte apoptosis (3, 4) . The PDC is negatively regulated by pyruvate dehydrogenase kinase isoforms 1 to 4 (PDK1-4) via phosphorylation of the E1␣ subunit (5) . Because of its strategic location, the regulation of PDC activity is critical for whole body glucose homeostasis, but PDC activity is down-regulated in diabetic cardiomyopathy (6) . Another pathogenic mechanism of diabetic cardiomyopathy derives from elevated peroxisome proliferator-activated receptor alpha (PPAR␣) expression in obesity and T2D, leading to the overexpression of PDK4 and decreased PDC activity (7, 8) . Although it has been suggested that fuel overload may be causative in heart failure (HF) associated with diabetic cardiomyopathy (9) , negative effects of insulin-sensitizing agents on HF are more likely to be related to plasma volume expansion than to dysregulated metabolism (10) . For all these reasons, PDC activation remains a key therapeutic target for diabetic cardiomyopathy. PDC dysfunction is also a hallmark of other cardiovascular pathophysiologies including ischemia (11) and congestive heart failure (12) .
Earlier studies have evaluated the utility of dichloroacetate (DCA), a widely studied pyruvate mimetic that inhibits PDKs by binding to the allosteric sites of PDK1, 2, and 4 (13) . Treatment with DCA has been shown to improve diabetic cardiomyopathy (14) , and ischemia and heart failure (15) in animal models. However, the potency of DCA is low and clinical translation is unlikely because DCA causes a peripheral neuropathy (16) along with carcinogenic effects (17) . Treatment with another class of PDK inhibitors, AZD7545 (18) , in normal rats caused cardiac steatosis and myocardial degeneration (19) . The pathogenic effects of AZD7545 may be because of activation of PDK4 (13, 20) . A new highly specific pan-PDK inhibitor, PS10, was recently developed (21) , targeting the Bergerat ATP-binding fold in PDKs, which is uniquely conserved in the GHKL protein kinase family. PS10 restores glucose tolerance and reduces hepatic steatosis in diet-induced obese (DIO) mice (21) .
In this study, we investigated the efficacy of PS10 in restoring pyruvate flux through the PDC in the DIO mouse heart. Quantitative metabolic flux measurements were used to directly assess differences in the mode of action of DCA and PS10. Conventional 13 C and 1 H magnetic resonance spectroscopy (MRS) isotopomer analysis measured the relative rates of fatty acid and carbohydrate oxidation (21) (22) (23) . Because of low signal, conventional 13 C MRS is not useful in vivo or for quickly assessing metabolic state of a tissue. For this reason we also investigated the utility of hyperpolarized (HP) 13 C MRS to probe metabolism of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]pyruvate to [ 13 C]bicarbonate through decarboxylation by the PDC with 2-s time resolution (22, 24) . This technology has recently been used to image PDC activity in the human heart (25) . The experiments here prove that PS10 upregulates PDC flux without generating excess lactate production, as is the case with DCA. This suggests PS10 has significant potential as a therapeutic agent for PDC activation.
Results

Determination of PDK inhibitor dose for the MRS study
To compare the metabolic effects of each PDK inhibitor, we first assayed the optimal dose of each agent for restoration of glucose tolerance in DIO mice after 2 weeks of treatment. This dose was postulated to be optimal for metabolic comparison. After testing DCA at 100 (Fig. S1A), 200 (Fig. S1B) , and 250 mg/kg/day, the 250-mg dose was chosen for maximal restoration of glucose homeostasis. Similar experiments led to a choice of 70 mg/kg/day for PS10. DIO mice fed with 60% high-fat diet for 18 weeks were administered either PS10 at 70 mg/kg/day or DCA at 250 mg/kg/day by intraperitoneal injection. These doses conferred the maximal restoration of glucose homeostasis. A DMSO injection was used as a control. A glucose tolerance test was carried out on control versus DIO animals. After 6.5 h of fasting, 1.5 g/kg of glucose was administered intraperitoneally. Plasma glucose levels were measured as indicated ( Fig.  1 ). At these doses, both the PS10 and DCA groups show similar glucose tolerance response to glucose challenge (Fig. 1A) . Compared with the control group, both PS10 and DCA treatments significantly improved glucose tolerance in DIO mice. We also compared effects of single-dose PDK inhibitors on the PDC activity in heart at the doses mentioned above. Treatment with both PDK inhibitors resulted in significant enhancements of PDC activity in DIO mouse hearts compared with DIO controls (Fig. 1B) . The elevated PDC activity by both PDK inhibitors corresponded to a decrease of phosphorylation on the PDC E1␣ subunit in DIO mouse hearts (Fig. 1C) .
Hyperpolarized [1-13 C]pyruvate MRS on diet-induced obese mouse hearts
The activity of the PDC complex in functioning tissue was assayed directly using HP [1- 13 C]pyruvate. The experimental groups included a control set of DIO mice and additional sets of mice treated with either PS10 or DCA. A single dose of PS10 or DCA was administered intraperitoneally prior to heart extraction. Mouse hearts were perfused with Krebs-Henseleit buffer and 13 
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control group (Fig. 2B ) comparing to lean group ( Fig. 2A) . Both PDK inhibitors, PS10 (Fig. 2C) and DCA ( Fig. 2D ), restored the [ 13 C]bicarbonate signal in DIO hearts to levels higher than that in the lean control.
To visualize the kinetics of HP pyruvate, we plotted the area under the curve of each peak in the 13 C spectrum against measurement time (Fig. 3) . DIO control hearts trended toward lower [ 13 C]bicarbonate production compared with lean control hearts (Fig. 3A) . Both PS10 and DCA demonstrated significant activation of PDC flux generating [ 13 C]bicarbonate (Fig. 3A , left) and 13 CO 2 ( Fig. 3B, left) . DCA induced an almost 2-fold increase for total [ 13 C]bicarbonate signal compared with DIO control, whereas PS10 only brought the total signal back to a state similar to lean control (Fig. 3A, right) . The result of 13 CO 2 matched that of [ 13 C]bicarbonate as expected (Fig. 3B) . However, DCA also triggered more [1- 13 C]lactate production than the other three groups (Fig. 3C, left) . There is not a significant difference in [1- 13 C]lactate production among PS10-treated, lean control, and DIO control groups (Fig. 3C, right) . We observed no difference in [1- 13 C]pyruvate signal ( (Fig. S2F ), were in general higher intensity in DIO control and DCA-treated compared with lean control and PS10 groups. These results strongly suggest that the flux through the malic enzyme (26), or pyruvate carboxylase (27) , to generate malate or oxaloacetate, respectively, is lowered after PS10 treatment, but not in DIO control and DCA-treated groups. Positional enrichments of the four-carbon TCA intermediates cannot distinguish between flux through the malic enzyme versus pyruvate carboxylase.
Proton and proton-decoupled 13 C NMR spectra of perfused mouse hearts
To confirm the hyperpolarization results, substrate selection was measured in the mouse hearts using 13 C isotopomer analysis (28) . An appropriate choice of labeled substrates allows carbohydrate versus fatty acid utilization to be easily analyzed. We chose [3- 13 C]pyruvate, [3-13 C]lactate, and [U- 13 C]free fatty acids as tracers to study substrate competition (Fig. 4A ). During ϳ40 min of perfusion, oxygen consumption rates were similar in all groups with slight, but not significant decrease in the PS10 group (Fig. S3 ). The flow rate and heart rate were unchanged across groups. All hearts were freeze-clamped immediately after the 3-min hyperpolarization data acquisition.
From the acid-soluble extract of hearts after perfusion and HP [1- 13 C]pyruvate injection, we acquired the proton spectra of alanine and lactate, and proton-decoupled 13 C NMR spectrum of glutamate (Fig. 4) . The 13 C labeling in glutamate and glutamine reveals substrate utilization and competition (29) . The proton signals of the alanine methyl group are composed of the doublet generated by 12 C-bonded methyl protons and two satellite doublets because of carbon-proton coupling ( 1 J CH ϭ 124 Hz) of the 13 C methyl group (indicated in Fig. 4B ). The peaks adjacent to the main doublet come from the long-range carbon-proton coupling ( 4 J CH ϳ 4 Hz), indicating the interaction of 13 C labeling on C1 arising from injection of the [1-13 C]pyruvate. In the glutamate C4 peaks (Fig. 4C) , the doublet of C4-C5 coupling and the quartet of C3-C4/C4-C5 (C4Q) carbon-carbon coupling reflect a strong contribution of fatty acid oxidation to acetyl-CoA production (30) . Note that this analysis is made without the assumption of a steady state, but rather indicates the fractions of labeled acetyl-CoA that contributed to the production of glutamate at the instant metabolism was quenched by freeze-clamping. An increasing fraction of D 34 and C4S indicates more carbohydrate oxidation. It is clear that both the C4 quartet and D 45 are stronger in the DIO control group, with decreased pyruvate anaplerosis in the DCA-treated hearts as evidenced by the increased fraction of C4Q (Fig. 4C) . The 13 C labeling in glutamate C3 demonstrates similar results of higher PC flux with stronger doublet and triplet of C2-C3/C3-C4 coupling in DIO control group compared to other groups (Fig. 4D ). Direct analysis of glutamine C3 and glutamine C4 (Fig. S3) supported similar conclusions.
We incorporate the fractional enrichment of the alanine methyl group and direct analysis of glutamate 13 C labeling pattern to calculate the substrate utilization (oxidation). In this calculation, we defined "carbohydrate" as the sum of endogenous glycogen and exogenous labeled pyruvate (both 1-and 3-13 C) and lactate (3-13 C). We observed a trend toward decreased carbohydrate contribution as a fraction of the total acetyl-CoA production in DIO control hearts (Fig. 5A ) compared with lean control group, whereas the FFA contribution was trending higher in DIO control (Fig. 5B ) compared with lean controls. In DIO mouse hearts, PS10 was able to reverse the changes in substrate preference with significantly increased carbohydrate contribution (Fig. 5A ) and significantly decreased FFA contribution compared with DIO control (Fig. 5B) . Interestingly, the carbohydrate contribution to the total acetyl-CoA pool was smaller in the DCA group than the PS10 group (Fig.  5A ), whereas the fatty acid contribution was not suppressed in the DCA group compared with the PS10 group (Fig. 5B) . These results indicate that under our non-steady state experimental conditions, PS10 efficiently modulated PDC activity, whereas DCA did not.
Using the relative efficiency of the substrates for the production of NADH per mole of O 2 consumed (31) and the measured O 2 consumption, the TCA flux and quantitative contributions of carbohydrates and fatty acids were calculated using the fractional substrate selection obtained from the non-steady state analysis (Fig. 6 ). The TCA flux in PS10 group trended to be lower than the other groups, but the difference did not reach a significant level with n ϭ 4 (Fig. 6A) . There was no difference in absolute turnover between the lean and DIO control groups based on our spectral data. Both PS10 and DCA group had similar carbohydrate contributions to TCA flux as the lean control group (Fig. 6B) . However, PS10 significantly down-regulated the FFA contribution to total TCA flux compared not only to the DIO control but also to the DCA group (Fig. 6C) .
In addition to isotopomer analysis of the glutamate, we chose to perform a steady state analysis of the carbon-13 labeling in glutamine. Glutamine turns over much more slowly than glutamate in the heart, and there was an expectation that it might give a readout of oxidative metabolism prior to the injection of the HP pyruvate. Figs. S4 and S5 showed data similar to those obtained in the glutamate, but in this analysis the fractional contribution of carbohydrates to total TCA flux was significantly raised in the case of PS10 (Fig. S5D ).
Discussion
The pathogenesis of diabetic cardiomyopathy is complex (32). There are three major factors related to energy production that lead to early-stage development of diabetic cardiomyopathy. First, hyperinsulinemia triggers insulin resistance in T2D, 
PDK inhibitor alters fuel utilization in hearts
and concurrent suppression of GLUT4 and overexpression of PDK4 (33) . The reciprocal regulation of these two proteins leads to increased fatty acid oxidation and decreased glucose oxidation (34) . Second, excess circulating free fatty acid is a common symptom of T2D, which leads to enhanced fatty acid oxidation. The increased fatty acid oxidation impedes normal physiology, resulting in accumulation of toxic metabolites (such as ceramides or acylcarnitines), which further exacerbate insulin resistance in hearts (35, 36) . Third, because of overexpression of PDK4, PDC activity is inhibited. This leads to 
impaired pyruvate oxidation and accumulation of lactate, eventually triggering apoptosis (37, 38). The profound dysregulation in myocardial energy metabolism ultimately manifests redox stress and the loss of myocytes. It is noteworthy that control DIO mouse hearts displayed concurrent up-regulation of FFA and pyruvate oxidation, presumably in the face of increased PDK4 activation, when the availability of the substrates was held constant. This suggests that modulation of substrate availability in diabetic cardiomyopathy, i.e. supplementing the diet with pyruvate, might have cardioprotective effects. This method of treatment would be distinct from glitazone administration, which is known to have complicated feedback effects on heart function (9). Increased pyruvate availability could down-regulate FFA oxidation and subsequent proinflammatory reactive oxygen species (ROS) signaling (39) . PS10 inhibits all PDK isoforms (21) and restores PDC activity in the DIO mouse hearts (Fig. 1, B and C) . Additionally, we have demonstrated that PS10 enhances pyruvate flux through the PDC in DIO mouse hearts using hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]pyruvate (Figs. 2 and 3A) . Elevated pyruvate flux through the PDC increases energy production and mitigates accumulation of lactate in DIO hearts. From the isotopomer analysis, we calculated substrate selection in the PS10-treated DIO mouse hearts. PS10 lowers the fatty acid contribution and promotes pyruvate/lactate utilization for acetyl-CoA production over the control DIO mouse group. Fatty acid oxidation normally accounts for the majority (70 -90%) of ATP production in hearts, but complete glucose oxidation is slightly more efficient in terms of ATP production per mole of O 2 utilization (40). Under our perfusion conditions, PS10 did not augment oxygen consumption (Fig.  S4) . However, based on increased glucose/pyruvate contribution to acetyl-CoA production in PS10-treated DIO mouse hearts (Fig. 5A) , slightly more efficient energy production might take place in the presence of this PDK inhibitor. Because the magnitude of this effect is small in the presence of physiological mixtures of substrates, establishing a clear difference in O 2 consumption in the Langendorff heart is difficult (31) . We hypothesize that a working heart would perform better than the Langendorff model upon the administration of PS10. In addition, because an increase in glucose/pyruvate oxidation would suppress fatty acid oxidation (41), we anticipate that there might be less accumulation of lipotoxic metabolites from fatty acid oxidation in PS10-treated hearts. Much like the hypothesis that pyruvate supplementation would have beneficial effects on heart metabolism in this etiology, PS10 should have a similar effect of balancing FFA oxidation versus carbohydrate oxidation. This should preserve heart function without exacerbating complications associated with fuel overload (9) .
Considerations for data interpretation
It should be noted that the fractional sources of acetyl-CoA (Fig. 5) , as measured by non-steady state analysis, differ significantly from well-known values of myocardial substrate selection. The nature of the hyperpolarization experiment necessitates the introduction of a bolus of pyruvate, bypassing regulation by GLUT4, and flooding the mitochondria with oxidizable substrate (42) . The data of Fig. 5 are essentially a snapshot of substrate selection following equilibration to steady state with the [3-13 C]pyruvate/lactate and the [U- 13 C]fatty acids, followed by a 4-min exposure of the myocardium to [1- 13 C]pyruvate. The high values for total carbohydrate contribution to acetyl-CoA production are therefore associated with the HP pyruvate bolus, not with underlying metabolic function. Nonetheless, every analysis performed here points to a single conclusion: PS10 increases fractional carbohydrate oxidation in the normal myocardium and in our model of diabetic cardiomyopathy.
DCA is the most commonly used PDK inhibitor since the 1970s (43) . Because of its small molecular weight, there are multiple off-target effects associated with DCA. Therefore, it is not surprising that we observed a different mode of fuel utilization between DCA-treated and PS10-treated DIO mouse hearts. In our recent publication (44) , the plasma lactate/pyruvate ratio changed from 38.4 in control DIO mice to 42.5 in the PS10-treated DIO mice. We did not measure the plasma pyruvate level in DCA-treated DIO mice. A study about the metabolic effects of dichloroacetate in the diabetic dog (45) demonstrated that the plasma lactate/pyruvate ratio changed from 27.1 to 34.1 in diabetic dogs within 2 h following a single oral dose (150 mg/kg) of DCA. These observations suggest that both DCA and PS10 treatments lead to a more reduced plasma state. However, only DCA produced a measurable change in lactate production as measured with HP pyruvate (Fig. 3) . We believe the increasing lactate production from pyruvate induced by DCA is one of its secondary effects. The unmodulated FFA oxidation (fatty acid contribution to total acetyl-CoA pool) observed by isotopomer analysis (Figs. 4, C and D , 5B, and 6C) suggests that in addition to the intended PDK inhibition, DCA exerts secondary, negative effects on energy homeostasis. The multisite action of DCA makes it less useful than PS10 for the modulation of PDC activity. It is interesting to note that DCA up-regulated HP bicarbonate production (14) more than PS10, but did not enforce a similar change in the direct analysis of the glutamate isotopomers (Fig. 4, C and D) . Similar discordant results for hyperpolarization experiments versus isotopomer analysis have been observed in the perfused mouse heart before (46) . The total signal intensity observed in hyperpolarization experiments depends directly upon the T 1 of the observed species. The T 1 in turn is affected by many parameters, one of which is the tumbling rate of the molecule. Binding to an enzyme essentially reduces molecular tumbling to zero, and can be a source of significant relaxation. We suspect that changes in the T 1 of the observed products associated with the length of time they are bound to the PDC underlies the appearance of the significantly larger [ 13 C]bicarbonate signal for DCA hearts, but confirmation of this hypothesis would be exceedingly difficult. The 13 C NMR data of Fig. 4C are exceedingly strong evidence that pyruvate oxidation is significantly more up-regulated in the PS10 heart versus the DCA heart.
Although the infusion of HP pyruvate essentially prevented application of steady state modeling to analysis of the glutamate isotopomers, the glutamine pool in the heart turns over considerably slower than the glutamate pool. TCA flux using a steady state analysis of the glutamine should be more indicative substrate selection prior to the HP pyruvate injection (47, 48) . Although the non-steady state analysis of the glutamate must PDK inhibitor alters fuel utilization in hearts be regarded as the truest representation of oxidative metabolism at the moment metabolism was quenched, it was hoped that a steady state analysis of the glutamine would augment the glutamate-based analysis.
We integrated the signals of multiplets from the C3 and C4 of glutamine (Fig. S4) , oxygen consumption rate, and heart weights to determine quantitative TCA turnover (Figs. S4 and  S5 ). Using the analysis of glutamine, the fractional oxidation of carbohydrate in lean controls was ϳ50%, closer to previously measured values but still very high (49) . Despite differences in the quantitative results, the trends seen in Figs. 5 and 6 using the non-steady state analysis of glutamate are confirmed by the steady state analysis of the glutamine (Fig. S5) . Indeed, PS10 causes a significant up-regulation of carbohydrate oxidation compared with both lean and DIO controls, a trend that did not reach significance in the non-steady state analysis. The overall lack of significant changes for DCA treatment are most puzzling. Further experiments without transitory exposure to pyruvate would produce more unequivocal results.
In summary, the present findings demonstrate that 13 C MRI coupled with hyperpolarized tracers is likely a practical noninvasive method for specific detection of carbohydrate oxidation via the TCA cycle in the human heart. We believe the results here are robust enough to translate to human studies (25) . We have demonstrated that PS10 exhibits beneficial properties of correcting defects in pathogenic bioenergetics in diabetic cardiomyopathy. PS10 increases fractional carbohydrate oxidation (Figs. 3 and 6) . Glucose is the most efficient producer of reducing equivalents for oxidative phosphorylation per mole of O 2 consumed (31). This should have benefits for cardiac energetics in diabetic cardiomyopathy. In addition, our hyperpolarization data suggest that it down-regulates pyruvate carboxylation (Fig.  S2) . This leads to reduced anaplerosis, which should also provide more efficient energy production per mole of O 2 consumed by the myocardium (Fig. 7) . With its high selectivity for PDK isoforms, PS10 is an excellent drug lead for treating diabetic cardiomyopathy.
Experimental procedures
Animals
C57BL/6J male mice at 6 to 8 weeks old were obtained from a local breeding colony at UT Southwestern Medical Center (Dallas, TX). DIO mice were obtained by feeding the animals with a 60% high-fat diet, which contained 32% saturated and 68% unsaturated fat (catalogue no.: D12492, Research Diet Inc. New Brunswick, NJ) for 18 weeks. Age-matched C57BL/6J mice in the lean control group were fed with normal chow diet (no. 2916, Envigo, Madison, WI) for the same period of time before treatment. Mice were housed in an air-conditioned animal facility with 12-hour light-to-dark cycle. The protocol of accommodation and treatment was approved by the Institutional Animal Care and Use Committee at UT Southwestern Medical Center. 
Chemicals
Treatment of PDK inhibitors
DIO mice were randomized into three groups: vehicle-, DCA-, and PS10-treated. PS10 was dissolved in 100% DMSO and then diluted to make a 10% DMSO aqueous solution containing 17.5% (w/v) (2-hydroxypropyl)-␤-cyclodextrin for delivery. Animals were dosed at midday by intraperitoneal (IP) injections at 70 mg/kg of PS10 using 1-ml syringe and 30-gauge needle. The dose of DCA was 250 mg/kg in the same buffer solution. The treatment time for PS10 was 8 h and 1 h for DCA. At the treatment time indicated above after the injection, animals were euthanized using carbon dioxide asphyxiation followed by cervical dislocation and dissection. Hearts were removed and snap frozen in liquid nitrogen for assays. Average ischemia time before organ harvest was about 1 to 2 min. The time interval after injection was determined based on timecourse experiments shown in Fig. S6 and literature (50) .
Assay for PDC activity
Liquid nitrogen-stored tissue samples were removed and thawed on ice. Individual heart (200 -300 mg) tissue samples were manually homogenized in an ice-chilled glass homogenizer containing 1 ml of the homogenization buffer. The homogenization buffer contained 30 mM potassium P i , pH 7.5, 3 mM EDTA, 5 mM DTT, 1 mM benzamidine, 3% fetal bovine serum, 5% Triton X-100, and 1 mM leupeptin. Samples were transferred to ice-cold 10-ml polycarbonate tubes and spun in an ultracentrifuge at 25,000 ϫ g for 10 min to pellet cell and tissue debris. Supernatants were removed and stored on ice until diluted (1:3 for muscle, 1:5 for liver, and 1:20 for kidneys and heart tissues) with a dilution buffer containing 50 mM A, in obese/type 2 diabetes stage, PDKs are elevated to inhibit PDC activity, followed by reducing energy production from glucose, accumulation of lactate and increase of anaplerosis. B, with the treatment of PDK inhibitors, like PS10, PDC is active to utilize more glucose as fuel to increase energy production, and reduces both lactate accumulation and anaplerosis.
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HEPES, pH 7.5, 1.0 mM DTT, 0.1% Triton X-100, 5 mM DCA, 50 mM sodium fluoride, 3% fetal bovine serum, and 1 mM leupeptin. The diluted samples (50 l) were placed in each well of a 24-well plate containing 310 l of the reaction mixture. A micro-bridge (Hampton Research) was preset into each well holding one piece of 2 M NaOH-soaked filter wick. The reaction mixture contained 30 mM potassium P i , pH 7.5, 0.4 mM CoA, 3 mM NADϩ, 5% fetal bovine serum, 2 mM thiamine diphosphate, 2 mM MgCl 2 , and 65 g of recombinant human E3. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]Pyruvate (PerkinElmer) was added to each well to initiate the reaction, with the wells sealed with a clear Mylar adhesive film. The assay plates were incubated at 37°C for 10 min. Fifty l of a 20% TCA solution was added to each well to stop the reaction. Assay plates were incubated further at 37°C for 45 min.
14 CO 2 trapped on 2 M NaOH-soaked filter wicks were counted in a liquid scintillation counter.
Western blotting
SDS-PAGE gels were run using 15-20 g of protein lysate per lane. Western blots were transferred to PVDF membranes for 2 h at 200 mV. PVDF membranes were blocked with 5% nonfat dried milk and then probed using polyclonal antibodies to pyruvate dehydrogenase/decarboxylase E1␣ and to phosphorylated E1␣ (pE1␣). The E1␣ antibody was obtained from MitoSciences/Abcam (Cambridge, MA). Antibodies against the phosphorylated serine (pSer-293) residue of the E1␣ subunit were purchased from EMD Millipore/Calbiochem Biochemical (Billerica, MA). One ml of Luminata Forte Western HRP (EMD Millipore) substrate reagent was pipetted across the membrane for signal detection in a FluorChem E system (Cell Biosciences, Santa Clara, CA).
Glucose tolerance test
Mice fasted for 6.5 h before the tolerance test. Eight h after PS10 intraperitoneal administration or 1 h after DCA intraperitoneal administration, 1.5 g/kg of glucose was delivered to mice. Tail vein serum samples were collected immediately before and 15, 30, 60, and 120 min after the glucose challenge. Glucose levels in serum samples were determined by a blood glucose meter (Contour Blood Glucose Meter, Bayer, Whippany, NJ).
Heart perfusions
The protocol was similar to the one published earlier (22) . In brief, hearts from mice with different treatment were rapidly excised under general anesthesia (ketamine/xylazine mixture) and perfused at 37°C and 80 cm H 2 O pressure for 40 min. The perfusion solution was a modified Krebs-Henseleit buffer containing 25 mM NaHCO 3 , 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 0.5 mM Na 2 EDTA, 2.5 mM CaCl 2 , and 0.75% BSA. Oxidizable substrates available in the perfusion solution were 0.12 mM [3- 13 C]pyruvate, 1.2 mM [3-13 C]lactate, and 0.4 mM [U- 13 C]free fatty acid. To mimic in vivo plasma concentration of the PDK inhibitors used, both inhibitors were dissolved in the perfusion buffer at 1 mg/ml for PS10 and 10 mg/ml for DCA to maintain compound concentrations in hearts during perfusion. These concentrations match the circulating concentrations achieved for the glucose tolerance test. The hearts were placed in a 10-mm NMR tube and inserted into the bore of a 600 MHz NMR spectrometer (Bruker AVIII HD) equipped with a 10-mm CPDUL CryoProbe (Bruker). The magnet was shimmed using 23 Na signal from the heart surrounded by 23 Na-free sucrose flush. The 23 Na resonance was shimmed to a half height line width of ϳ10 Hz.
Heart rates, coronary flow, myocardial oxygen consumptions, and developed pressures were measured at 30 min. The hearts were originally perfused for 40 min with the fatty acid, lactate, and pyruvate mixture to reach a physiological steady state before being injected with hyperpolarized 13 C-pyruvate described below. After injection with HP[1-
13 C]pyruvate, 13 C NMR observations were continued for about 3 min. Hearts were then removed from the magnet and freeze-clamped for later analysis.
Polarization of [1-
13 C]pyruvate and 13 C NMR spectroscopy of the isolated heart [1- 13 C]Pyruvic acid (2 l) was polarized neat at ϳ1.4 K using trityl OX063 (15 mM) as a radical in the presence of a gadolinium chelate (2 mM Gd 3ϩ ) in a HyperSense Polariser (Oxford Instruments). The electron irradiation frequency was 94.112 GHz. After ϳ90 min, the polarized sample was rapidly dissolved in hot PBS (5 ml). All of the hyperpolarized solution was mixed with 15 ml of substrate-free KH solution and delivered directly into the heart by catheter over a period of around 60 s. 13 C NMR acquisition was initiated a few seconds before injection of the hyperpolarized solution. A series of 13 C NMR spectra were collected every 2 s until all of the hyperpolarized 13 C signal had decayed. Generally, 90 spectra were collected over 180 s. The data were zero filled before Fourier transformation and the relative peak areas were measured by integration using ACD/SpecManager (ACD/Labs, Toronto, Ontario, Canada). Peak areas of all metabolites were normalized to the total peak areas of all 13 C resonances and plotted as a function of time. The perfused hearts were rapidly arrested and freeze-clamped for perchloric acid extracts and subsequent isotopomer analyses by high-resolution 13 C NMR.
Analysis and metabolic flux measurement by high-resolution NMR
The freeze-clamped hearts were pulverized in liquid nitrogen and extracted with perchloric acid (4 -6% v/v), neutralized, freeze-dried, and resuspended in 0.2 ml D 2 O containing 1 mM Na 2 EDTA and 0.5 mM 2,2-dimethyl-2-silapentanesulfonic acid as an internal standard for proton-decoupled 13 C NMR spectroscopy (47, 48) . Flux through PDC and citric acid cycle flux was determined using 13 C NMR isotopomer analysis and normalization by O 2 consumption. The relative rates of oxidation of each energy source, pyruvate, free fatty acid, or endogenous stores, were measured from the proton-decoupled 13 C NMR spectrum of glutamate or glutamine, and proton spectrum of alanine. The hearts were freeze-clamped about 4 or 5 min after introduction of hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 
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source was defined as A, B, and C, respectively. The ratio B/A was determined from the 1 H NMR spectrum of alanine based on the satellites because of single-bond J CH . This measurement assumes high activity of lactate dehydrogenase and alanine aminotransferase and interconversion of lactate, alanine, and pyruvate within seconds to minutes. The B/C ratio was determined as [2- 13 C]acetyl-CoA/[1, 2-13 C]acetyl-CoA, which was calculated by the direct (non-steady state) analysis of glutamate C4 labeling pattern from the 13 C NMR spectrum (31, 51) . Glutamine is in slower exchange with TCA cycle intermediates, and hence steady state isotopomer analysis was used to analyze glutamine spectra (47, 48) . After correcting for generation of NADH outside the citric acid cycle, the relative rate of flux through each pathway was converted to absolute flux with the measured oxygen consumption (31) .
Statistics
Data are reported as mean Ϯ S.D. or mean Ϯ S.E. as indicated in figure legends. Statistical significance between any two groups was tested by unpaired two-tailed Student's t test in GraphPad Prism 7.0 software. *, p Ͻ 0.05; **, p Ͻ 0.01, ***, p Ͻ 0.001. 
